The present paper has investigated the momentum transport phenomena of underwater shock wave generation in terms of photo-acoustic wave with a very thin metal. The shock wave was induced by a pulsed-laser irradiation. In order to clarify the momentum transport mechanics in this phenomenon, we have been considered the momentum and energy transport from laser to metal, and metal to water. A numerical solution of thermo-elastic wave in metal has been obtained to estimate a fundamental gain of the longitudinal wave. Then, the underwater shock wave phenomena have been analyzed by adapting compressible fluid dynamics with suitable boundary condition between the solid and liquid. We had performed an experiment as well and observed the shock wave with optical system. The aim of the research is to estimate the underwater shock wave strength theoretically. The metal region was calculated by Laplace transformation of heat conduction and wave equations. The water region was simulated by MacCormack's method. Some of boundary conditions have been examined and the acceleration condition has been adopted at the interface. The simulated results show a good agreement with experimental result, consequently the momentum transfer mechanism from longitudinal wave to underwater shock wave has been cleared in the present report.
Introduction
It is an important technique to provide a concentrated high energy into a small region in a various field, e.g., bio-engineering, applied science and medical science. Laser irradiation is one of the powerful candidates for supplying such high energy in short time. Generally speaking, there are variety of laser processing work depending on laser power such as welding, drilling, melting etc. During those processes, shock waves frequently are generated by laser irradiation. Then, the laser induced shock waves have been studied intensively in a wide field such as material processing, micro-and nano-technology, bio-engineering and medical science [1] - [3] . The dynamics of laser induced shock has been studied experimentally, theoretically and numerically aimed to examine the velocity, density, pressure rise around the shock wave for a specific application. Various methods also have been applied to measure the pressure change due to the shock wave propagation by using hydrophones or piezoelectric transducers [4] , fast photography and interferometry [5] , in experimentally. In general, pressure sensors are used to measure shock pressure up to several hundred bars based on piezoelectric properties. Because the shock wave has non-equilibrium process in very short time, the measurement is difficult with good accuracy in time and space resolution. In addition, the momentum and energy transfer dynamics is too complicated to follow up the phenomena. Furthermore, a modeling of its transport phenomena is required to be completed in numerical simulation.
In the present research, opto-physical interaction wave and shock wave excited by the interaction between laser light and metal has been discussed in the case of relatively low laser irradiation intensity. When laser light interacts with metal, rapid thermal process produces prompt movement in the structural component of the metal surface, consequently, causing the strengthening of vibration. In general, during the interaction of a laser pulse with the solid metal surface, the metal surface usually gains the momentum and energy. After the light impaction, various types of thermo-elastic waves launched from the illuminated surface towards the bulk of the solid objects. At this moment, a longitudinal wave propagates through the metal with a sharp peak intensity and velocity compared with the other waves e.g., shear waves, Rayleigh waves, head waves etc. and thereafter, the shear wave propagates through the solid with approximately half of the velocity of the longitudinal wave [6] . Various investigations have done regarding the thermo-elastic wave generation and propagation through the solid induced by pulsed laser, where the solutions of the wave have obtained by analytical method [7] [8] . Among these thermo-elastic waves, longitudinal wave with high intensity carries and redistributes the acquired momentum through the object while it propagates.
In our investigation, the momentum transfer from longitudinal wave to underwater shock wave has been discussed in detail. The longitudinal wave transports the momentum and energy through the metal to water, consequently, a shock wave propagates into water. To understand this principle, we had carried out the experiment on these phenomena and also investigated the longitudinal wave behavior into metal by analyzing metallic response induced by pulsed laser with the help of governing equations of heat transfer and displacement due to laser heat energy. In the experiment, the underwater shock wave was generated with a shock driver specified by a flat glass of which terminal surface coated with thin titanium (Ti) metal film and observed with optical system by shadowgraphic visualization. Finally, a numerical simulation has been conducted to confirm the transportation of momentum through the longitudinal wave from metal to water for shock wave generation by comparing the pressure jumps between experiment and theoretical prediction. Figure 1 illustrates the experimental diagram for underwater shock generation. A Q-switched pulsed Nd: YAG laser with wavelength 532 nm (New Wave; Solo-3) was used for underwater shock generation and its maximum output energy is 50 mJ/pulse and pulse duration 5 ns. The irradiation intensity on the metal target has been adjusted by power controller and the energy was measured by a laser power meter (Ophir, PE-25). To achieve the minimum irradiation area, the beam waist radius was calculated with a formula Gaussian beam waist [9] . In the experiment, the diameter of irradiation region, D was fixed as 3.0 mm and to avoid the metal abrasion, laser irradiation intensity (I 0 ) was varied up to 320 GW/m 2 .
Experimental Procedure
For shock wave visualization, shadowgraph technique was used in the experiment.
Another Q-Switched pulsed Nd: YAG laser with 532 nm wavelength (Quantel; Ultra) was used for shock visualization. The maximum output energy is 30 mJ/pulse and pulse duration 5 ns. To capture the shadowgraph images, a CMOS camera (IDT, XS-5) with a micro zoom lens (Leica, Microsystem mod Z16) was also used. The camera resolution is 1280 × 1024 pixels and 10 bits in depth. A Timing controller (Lab Smith, LC880) was used to control the laser irradiation and visualization sequence. Therefore, the temporal front position of the shock wave was measured through the snap shots by the shadowgraph technique.
A water tank of size, 180 × 120 × 220 mm 3 was used for underwater shock generation and the shock driver, flat glass coated with metal, was attached the water surface of the water tank. In our preliminary experiment, we had inspected the metal thickness for generating a shock wave effectively. It was found that it should be few hundred-nanometer and also many researchers used few hundred thickness metal for shock generation [10] [11] . Therefore, the targeted metal coat is 100 nm thickness. The coating is done by the spattering on one side of the glass plate and the laser irradiated from the opposite of the coated surface of the glass. A PVDF (Polarized PolyVinylidene DiFluoride) pressure sensor (Imotec; 80-0.5-4.0) was used to measure the shock pressure, which was immersed in the tank just below the shock driver. This pressure sensor is sufficient sensitivity with less than 0.5 mm head diameter and also can record a pressure rise with 50 ns response for explosion wave in water up to 1 kbar.
Analytical Procedure in Metal
The physical process appeared in the present research is shown in Figure 2 Here, we will discuss the wave propagation perpendicular to the laser irradiation surface. Since the irradiation region size is sufficiently larger than the propagation distance, the wave is expected to be planer one, namely the wave becomes one-dimensional.
We supposed the metal plate being isotropic and homogeneous for the laser irradiation.
The governing equation for heat transfer and displacement due to laser heat energy are described with Equations (1) Opto-acoustic Wave
In Equation (1), I(t) represents the laser intensity as follows [14] ,
where, T, ρ, c v , E are temperature, density, specific heat at constant volume, and laser energy per unit area respectively. R and β are the reflection ratio of laser light and the absorption coefficient of metal. Usually, it is regarded as the Gaussian profile and de- 
Numerical Analysis for Underwater Shock Wave

Governing Equations
To solve the underwater shock wave problem, a set of continuum, momentum, and energy equations for compressible fluid without heat source has been solved with finite differential method. The governing equation are expressed in conservative form as fol-
where U, E and R in x-direction, are described as follows,
;
Here ρ is the density of water, P is the pressure, m u ρ = is the momentum, u is the velocity component in x-direction, 
Numerical Scheme
In order to solve the one-dimensional Navier-Stokes equations with modified Tait equation of state numerically, MacCormack's scheme has been applied to the compressible water dynamics in the present study. This method is well known classical scheme and has two steps iteration such as predictor and corrector steps [18] .
The method has second order accuracy as using forward difference at predictor step and backward difference at corrector step for space derivative. The characteristics of this scheme had been well inspected in early time of numerical simulation development, so we used this old scheme in order to check the fundamental features of expression about underwater shock wave without any treatment like MUSCLE or TVD schemes, etc. The time resolution was 1 ps as well as the solid analysis, therefor, the grid size was determined by CFL condition by using water sound speed and the time increment.
Boundary Condition
Now, let's consider the boundary condition between the metal and the water. Initially, metal gains the momentum after laser irradiation, and this momentum has been carried by the longitudinal wave accompanying with drastic value change through the metal.
Since water top surface (x = 0) is contacted with the metal terminal surface, so the longitudinal wave causes the pressure jump in water and it propagates as a shock wave. Let's take one-dimensional coordinate in semi-infinite (x > 0) water section. The momentum impacted at x = 0 by the longitudinal wave propagation through metal thin film will transfer to water, then it generates a shock wave, as shown in Figure 3 . In this study, we will determine the suitable boundary condition by analyzing the opto-acoustic wave properties into the metal as a primary shock-driving source.
As the practical boundary condition in simulation, we can assume some physical condition to produce shock wave, such as piston driving, hammering, or pressure driving. For piston driving, the interface displacement, namely, the velocity should be estimated. On assuming a hammering effect, an acceleration might be considered. As the pressure condition, the stress propagation should be taken into account. In the following section, we will discuss which condition is suitable for shock generation.
Result and Discussion
Experimental Result
The experiment was carried out as described above in section 2. The shock driver, flat glass coated with metal was attached the water surface of water tank for underwater shock wave generation. There are several optical methods to visualize the shock wave e.g., shadowgraph method [21] [22], schlieren method [23] and holographic interferometry. In the present research, the shock wave propagation was visualized by shadowgraph technique. In the experiment, the shock wave pressure was measured by a pressure sensor (PVDF), to measure the shock wave strength, pressure sensor was immersed in water and retreated according to the shock capturing position.
The underwater shock images at I 0 = 80 GW/m 2 are shown in Figure 4 . The dimension of observation region is 10 mm. The photo images show the shock wave front emitted from the shock driver at different time after laser irradiation, just before coincidence with pressure sensor. The initial shape of the generated shock wave was planner and this shape was maintained up to several millimeter distance. However, at far distance from the shock driver, the shape becomes spherical, certainly, because of the self-similarity of shock propagation like spherical wave. The pressure rise will be discussed in section 5.3.
Longitudinal Wave Propagating in Metal
In this section, our interest is to find a most significant physical parameter of metal to determine the boundary condition for generating underwater shock wave. Therefore, nm, same as the experimental procedure. The calculations have been carried out using solution of the photo-acoustic wave, which is described in section 3. Here, the physical properties of Titanium metal are shown in Table 1 . Figure 5 shows the laser profile, in which the effective pulse duration is 5 ns. The calculation is done using 80 GW/m 2 laser irradiation intensity, which is estimated with laser energy per pulse, irradiation spot area and duration time. Here, the laser energy per pulse and irradiation area have been measured with a power meter and an alignment paper respectively. Figure 6 represents the temperature response of the terminal surface of the metal. From the figure, temperature reaches at its peak vale within 10 ns and after that it starts to weaken. Temperature profile demonstrations prompt variation inside the metal. peak at about 2 ns. As far we know, underwater shock wave generation by a piston motion, such small velocity cannot be the candidate to generate the discontinuity like shock wave. Therefore, we focus our interest at the different physical parameters of metal is acceleration, which calculated from the time derivative of v. Figure 8 shows the strain and stress variation for 50. The strain curve reaches to the maximum of order of 10 −3 at t = 10 ns, which represents the tensile strain. Moreover, negative strain is found within short time at the beginning. Therefore, strain curve characterizes that initially compressive strain propagates through the metal, then it turns to large tensile strain and it decreases slowly. The phenomena represent the thermo-elastic behavior of the metal due to laser heating. On the other hand, the internal stress profile represents the compressive stress propagation through the metal thin plate in 50 ns and after 5 ns, compressive stress reaches its peak value of order 10 6 approximately. The figure shows the monotone behavior, no discontinues found in the graph. From the figure, it also observed that acceleration curve reaches to its apex value in 20 ps of order 10 8 , after reaching at this high peak value, the curve decrease rapidly in 800 ps and then drops its minimum value of order 10 8 , thereafter it increases gradually again. Comparing with the earlier graph, it can be confirmed that this drastic variation of acceleration wave is very significant to produce the underwater shock wave. . It can be concluded that a discontinuous acceleration wave which related to the force due to laser irradiation is propagating in metal and the wave carries the momentum and energy from the laser irradiation via metal into the water for shock generation. Indeed, this force should be used as a boundary condition in the underwater shock simulation as will be described in the next section.
Numerical Result in Water
Numerical calculation for underwater shock generation have been conducted using one-dimensional governing Navier-Stokes equations with modified Tait equation of state for water, as described in section 4. In the simulation, we have to select a suitable boundary condition to generate a shock wave. The shock wave will be formed due to a discontinuity of some physical property. For example, the shock tube calculation in air, high pressure region and low pressure region is separated by a diaphragm and after diaphragm broken shock wave propagated to the low pressure region. Next, a piston driving will produce a finite amplitude wave and the wave will develop to a shock wave due to non-linearity. Similarly, for underwater shock generation, it is necessary to find . The experimental result was obtained at the x = 4 mm, whereas the numerical results were acquired at x = 8 µm. The numerical results could not be calculated at the same position because we needed to use so fine grids that need more computational time for large time simulation. In the present comparison, those results show a good agreement in whole experimental conditions. Thus, it was proved that the present boundary condition was quite reasonable and the present modeling could be applicable to the underwater shock generation in opto-physical process. Laser intensity dissipated for lower irradiation intensity in the experiment due to the position of the laser was far from test section. Thus, the experimental result for 40 GW/m 2 deviated from the numerical result.
Conclusions
The present research confirmed the momentum transport effect for underwater shock wave generation carrying through the drastic variation of longitudinal wave into metal thin film due to the pulsed laser irradiation. We had performed the experiments and numerical analysis based on thermos-elastic mechanism. The acquired shock pressure [2] Tominaga, T., Nakagawa, A., Hirano, T., Sato, J., Kato, K., Hosseini, H.S.R. and Takayama 
